Abstract Binary vector-based transient expression of heterologous proteins in plants is a very attractive strategy due to the short time required for proceeding from planning to expression. However, this expression system is limited by comparatively lower yields due to strong post-transcriptional gene silencing (PTGS) in the host plants. The aim of this study was to optimize a procedure for expression of norovirus virus-like particles (VLPs) in plants using a binary vector with co-expression of a PTGS suppressor to increase the yield of the target protein. The effects of four plant viral PTGS suppressors on protein expression were evaluated using green fluorescent protein (GFP) as a reporter. Constructs for both GFP and PTGS suppressor genes were co-infiltrated in Nicotiana benthamiana plants, and the accumulation of GFP was evaluated. The most effective PTGS suppressor was the 126K protein of Pepper mild mottle virus. Therefore, this suppressor was selected as the norovirus capsid gene co-expression partner for subsequent studies. The construct containing the major (vp1) and minor capsid (vp2) genes with a 3′UTR produced a greater amount of protein than the construct with the major capsid gene alone. Thus, the vp1-vp2-3′UTR and 126K PTGS suppressor constructs were co-infiltrated at middle scale and VLPs were purified by sucrose gradient centrifugation. Proteins of the expected size, specific to the norovirus capsid antibody, were observed by Western blot. VLPs were observed by transmission electron microscopy. It was concluded that protein expression in a binary vector co-expressed with the 126K PTGS suppressor protein enabled superior expression and assembly of norovirus VLPs.
Introduction
Norwalk virus (NV) is the only member of the genus Norovirus in the family Caliciviridae. The NV genome is composed of single stranded positive sense RNA (approximately 7.7 kb in length), which generally encodes three open reading frames (ORFs). ORF1 encodes a nonstructural protein, ORF2 encodes the major capsid protein VP1, and ORF3 encodes the minor structural protein VP2 (Hardy 2005) . Human NV is still uncultivable in cell culture systems, which limits studies on the mechanisms of NV infection and replication.
The expression of recombinant capsid proteins may result in the self-assembly of empty, non-infectious virus like particles (VLPs). VLPs of morphologically and antigenically similar to wild type virions have general application to study interaction and expression within the host (Kissmann et al. 2008; Ausar et al. 2006; Murakami et al. 2010) . Several expression systems have been developed for the production of NV VLPs, including baculovirus-infected insect cell (Jiang et al. 1992) , bacterial (Yoda et al. 2000) , yeast (Xia et al. 2007 ), transgenic plant (Zhang et al. 2006 ) and plant transient expression systems (Santi et al. 2008) .
Initial assays of NV VLP production in plants focused on constitutive expression systems in transgenic plants; however, the system showed low VLP yields (Lai and Chen 2012) . The plant virus-based transient expression systems have overcome the limitations in NV VLP yield and production speed (Santi et al. 2008; Huang et al. 2009 ). Nonetheless, these systems have some disadvantages as size limitations and instability of the target genes (Sainsbury et al. 2009 ).
As an alternative, Agrobacterium-mediated transient gene expression is a rapid and useful method for recombinant protein expression. This technique uses binary vectors harboring the gene of interest and is faster compared to the transgenic plant systems (Wydro et al. 2006; Belknap et al. 2008; Sainsbury et al. 2009 ). The main limitations of this technique, however, are low protein expression and high risks of triggering post-transcriptional gene-silencing (PTGS), which is part of the RNA interference mechanism for plant defense (Baulcombe 2005) . This phenomenon greatly reduces and can eventually impede the expression of a recombinant protein (Wydro et al. 2006) . Recently, it was demonstrated that the use of plant virus PTGS suppressors greatly reduces PTGS, increasing the expression levels of heterologous proteins by several fold in agro-infiltrated leaves (Sainsbury et al. 2009; Circelli et al. 2010) .
The aim of this study was to develop a strategy to produce high amounts of NV VLPs in plants. For this purpose, four PTGS suppressor genes (HC-Pro from the potyvirus Brugmansia suaveolens mottle virus (BsMoV), 126K from the tobamovirus Pepper mild mottle virus (PMMoV), AC2 from the begomovirus Tomato severe rugose virus (ToSRV), and p19 from the tombusvirus Tomato bushy stunt virus (TBSV) were co-expressed with green fluorescent protein (GFP) reporter to test their effects on NV VLP production.
During the construction of the expression vector for the NV VLPs, a possible positive effect of vp2 positioned downstream of vp1 in a bicistronic construct was evaluated in the baculovirus expression system (Bertolotti-Ciarlet et al. 2003) . NV uses the "ribosomal termination-initiation mechanism" to express the second cistron (VP2) instead of producing additional subgenomic RNA (Herbert et al. 1996) . This mechanism seems to function in insect cells as well (baculovirus systems). In this study, the expression efficiency of the NV vp1 construct with or without the vp2 gene in plants was evaluated.
Material and methods
Amplification and cloning of RNA silencing suppressor genes and the GFP gene Three suppressors were selected, HC-Pro from BsMoV (accession number NC_014536- Lucinda et al. 2010) , 126K from PMMoV (AB550911- Oliveira et al. 2010) , and AC2 from ToSRV (NC_009607- Barbosa et al. 2009 ). The wellcharacterized, potent PTGS suppressor TBSV p19 protein (AJ288942) (Sainsbury et al. 2009; Lindbo 2007; Garabagi et al. 2012; Yoon et al. 2012 ) was used as the standard protein for comparison with the three other suppressor proteins.
Each gene was amplified by RT-PCR with the following primers: BsMoV-HC-Pro (SacII) Fwd (5′-TTA CCG CGG ACA ATG GCA ACC TCA TCA ACT TTT TGG-3′) and BsMoV-HC-Pro (KpnI) Rev (5′-CGG CGG TAC CTT AAC CTA CCA AGT AAT GTT TCA TTT-3′), PMMoV-126K (SacII) Fwd (5′-TTA CCG CGG ACA ATG GCT TAC ACA CAA CAA GCT ACC-3′) and PMMoV-126 K (KpnI) Rev (5′-CGC CGG TAC CCT ATT GAG TCG ACA CAT CAA CTT TG-3′), ToSRV-AC2 (SacII) Fwd (5′-TTA CCG CGG ACA ATG GCA AAT TCG TCT TCC TTA ACA CCC-3′) and ToSRV-AC2 (KpnI) Rev (5′-CGG TCG GTA CCC TAG TTA AAT ATG TCG TCC CAG AAG-3′), TBSV-p19 (SacII) Fwd (5′-TTT CCG CGG ATG GAA CGA GCT ATA CAA GGA-3′) and TBSV-p19 (XhoI) Rev (5′-TTT CTC GAG TTA CTC GCT TTC TTT TTC GAA GGT-3′).
The amplified cDNA fragments were cloned into the pGreenII 62-SK vector (Hellens et al. 2005) . After confirming the sequences of these clones, the plasmids were transferred into Agrobacterium tumefaciens GV3101-pSOUP (Hellens et al. 2005 ) (from the collection of EMBRAPA Genetic Resources and Biotechnology, Brasília, Brazil). Similar to the approach of Wydro et al. (2006) , a modified version of GFP optimized for plant expression, mGFP4-ER (U87625) (Haseloff et al. 1997) , was used as a sensitive, non-invasive reporter to assess the efficiency of PTGS suppressor accumulation. The mGFP4-ER gene was amplified using primers for SigPep-mGFP4(SacII) Fwd (5′-TCC GCG GAA CAA TGA AGA CTA ATC TTT TTC TCT TTC TCA TCT TTT CAC TTC TCC TAT CAT TAT CCT CGG CCG AAT TCA GTA AAG GAG AAG AAC TTT TCA C-3′) and mGFP_HDEL (KpnI) Rev (5′-TGG TAC CTT AAA GCT CAT CAT GTT TGT ATA GTT CAT CCA TGC CAT G-3′) and cloned into pGreenII 62-SK to generate the plasmid pGreenII-mGFP4-ER.
Co-infiltration of PTGS suppressor candidates and mGFP4-ER genes
Agrobacterium suspensions (2 ml in volume) were sedimented at 1,200×g for 10 min. The resulting pellets were resuspended in 5 ml of a solution containing 10 mM MES (pH 5.5) and 150 μM acetosyringone to an OD 600 of 1.0. Leaves from Nicotiana benthamiana plants, approximately 6 weeks old, were infiltrated with the bacterial suspensions on their abaxial sides using a syringe without a needle. The mGFP-ER construct was co-infiltrated at a ratio of 1:1 with each of the four constructs coding the suppressors. The mGFP-ER construct and the empty pGreenII plasmid were also infiltrated as negative controls.
Observation of fluorescence intensity and Western blot analysis GFP fluorescence was observed by UV irradiation (365 nm, lamp model UVLM-28 EL, UVP) at 10 dpi (days postinfiltration) and photographed using a digital camera (CANON model EOS) with a yellow filter with a 15-s exposure. For Western blot analysis, five agro-infiltrated leaf disks from the different plants of the same treatment (0.1 g) were homogenized in 500 μl of 1×PBS (10 mM Na 2 HPO 4 , 1.7 mM KH 2 PO 4 , 140 mM NaCl, and 2.7 mM MgCl 2 , pH 7.0) containing a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA).
Each homogenate (10 μl) was loaded and separated by electrophoresis on 12 % polyacrylamide gels. Proteins were either visualized directly by Coomassie Brilliant Blue staining or analyzed by Western blot using rabbit anti-GFP serum (Invitrogen, Carlsbad, CA, USA) and anti-rabbit IgG alkaline phosphatase conjugate with colorimetric development in nitro blue tetrazolium and 5-bromo-4-cloro-3-indolil phosphate solution. Signals were measured using an Image Scanner III (LabScan 6.0, GE Healthcare) and Image Master 2D Platinum 7 software (GE Healthcare).
Amplification and cloning of three different constructs from the NV isolate
For production of NV VLPs, three constructs were tested. The first construct contained only the vp1 ORF (accession number KC715794). The second construct was codon-optimized vp1 gene to N. benthamiana codon usage (vp1-CodOpt, synthesized at Epoch Life Science, TX, USA) (KC907392). The third construct contained the vp1, vp2, and the 3′UTR containing a poly(A 50 ) tail of an isolate from NV genogroup II genotype 4 (GII.4) subtype 2004 (isolated in 2006 at Brasilia, Brazil) (KC715794). To obtain the genomic fragment, reverse transcription (RT)-PCR was performed using the oligodT 50 M4 PacI primer (5′-TCA GCA CTG ACC CTT TTG AAT TAA T 50 -3′) for the RT reaction, followed by PCR using the anchor primer M4 (5′-TCA GCA CTG ACC CTT TTG-3′) and the Noro II 3′ For primer (5′-GGA AAA ACG ACT GCT GGA ACG G-3′). PCR was performed using LongAmp DNA polymerase (New England Biolabs, Ipswich, MA, USA). Amplicons were cloned into the pGEM-T Easy vector (Promega, Madison, WI, USA). Three clones were selected and sequenced for confirmation. A second PCR was performed using a selected cDNA clone with the following primer pairs: NoroGII4-7 NotI for (5′-AAA GCG CCG CAA CAA TGA AGA TGG CGT CGA ATG AC-3′) and NoroGII4-7 SacI Rev (5′-AAG AGC TCT TAT AAT GCA CGT CTG CGC C-3′) for vp1 construct or NoroGII4-7 NotI For and PacI-M4-SacI (5′-TTT GAG CTC TTT TCC CAG TCA CGA CTT AAT TAA-3′) for vp1-vp2-3′ UTR construct. These two amplicons, vp1 and vp1-vp2-3′UTR and one synthesized construct vp1-CodOpt were then cloned into the pRAPs vector at the NotI and SacI sites. The pRAP plasmid contains dual Cauliflower mosaic virus 35S promoters upstream of the leader sequence from the Alfalfa mosaic virus 5′UTR and downstream a nopaline synthase terminator. The cassette was digested with AscI and PacI and subcloned into the binary vector pBINPLUS (Engelen et al. 1995) . A. tumefaciens GV3101 strain (from the collection of EMBRAPA Genetic Resources and Biotechnology, Brasília, Brazil) was transformed with the final binary vector after confirmation of subcloning by restriction enzyme profiling of the selected plasmids.
Expression of NV coat proteins in plants and partial purification of NV VLPs Overnight, Agrobacterium suspensions (28°C at 180 rpm) containing NV vp1, vp1-CodOpt, vp1-vp2-3′ UTR, and 126K PTGS suppressor gene constructs were centrifuged separately at 1,200×g for 10 min. Each pellet was resuspended in a solution containing 10 mM MES (pH 5.5) and 50 μM acetosyringone and then incubated at 28°C overnight for transgene induction. These suspensions were centrifuged again (1,200×g for 10 min), and the resulting pellets were resuspended with Murashige-Skoog medium (Sigma-Aldrich) containing 150 μM acetosyringone to an OD 600 of 2.0. Each NV construct (vp1, vp1-CodOpt, or vp1-vp2-3′UTR) was mixed with the Agrobacterium suspension containing the 126K PTGS suppressor (OD 600 =2.0) at a 1:1 proportion. N. benthamiana leaves, 6 to 7 weeks old, were infiltrated with this mixed suspension as described previously. Coat protein accumulation was evaluated at 3 dpi by Western blot using a polyclonal antibody against NV GII.4 (kindly provided by Dr. Shinich Kobayashi, Aichi Prefectural Institute of Public Health, Nagoya, Japan).
After choosing vp1-vp2-3′UTR as the optimal construct, 40 N. benthamiana plants were infiltrated as described previously for VLP purification. Leaves were harvested at 3 dpi and NV VLPs were partially purified according to Santi et al. (2008) with modifications. VLPs were purified using a continuous 10-40 % sucrose gradient prepared in phosphate buffer (pH 5.3) with centrifugation at 217,485×g using a Beckman SW40 rotor (Beckman Coulter, Fullerton, CA, USA) for 2 h at 4°C. The purified NV VLPs were analyzed by SDS-PAGE and Western blot as previously described. The assembly of VLPs was evaluated by observation of semi-purified VLP preparations using a 200 mesh grid and a JEM 1011 electron microscope (JEOL, Tokyo, Japan) according to Maramorosch and Koprowski (1984) .
Results

mGFP-ER accumulation in plants co-infiltrated with suppressor gene constructs
The mGFP4-ER construct was used as a reporter gene to evaluate the enhancement effects of PTGS suppressor genes on heterologous protein accumulation. Half of each leaf was infiltrated with the mGFP-ER construct and the empty pGreen II 64-SK (control). The other half of each leaf was infiltrated with both constructs (mGFP-ER and the suppressor). After 5 dpi, a higher intensity of GFP fluorescence was observed for all tested constructs (HC-Pro of BsMoV, 126K of PMMoV, AC2 of ToSRV, and p19 of TBSV) compared to the control (mGFP-ER + empty pGreenII) (Fig. 1) . This experiment was repeated three times to confirm the results. It was remarkable that the infiltration of 126K from PMMoV in one half of the N. benthamiana leaf influenced mGFP-ER expression on the other half of the leaf (Fig. 1) . In all cases, the expression of mGFP-ER after infiltration with mGFP-ER + empty pGreenII was higher when PMMoV 126K was infiltrated on the other side. By visual evaluation, the expression of PMMoV 126K resulted in the strongest mGFP-ER expression, followed by BsMoV HC-Pro, TBSV p19, and ToSRV AC2. To select the best suppressor for the expression of an NV protein, the mGFP-ER accumulation level was analyzed by Western blot at 6 dpi ( Fig. 2 and Fig. S1 ). The level of mGFP-ER accumulation detected by Western blot was recorded using an Image Scanner III (LabScan 6.0, GE Healthcare) to confirm that the highest intensity occurred for 126K from PMMoV, followed by HC-Pro from BsMoV, p19 from TBSV, and AC2 from ToSRV. The highest level of mGFP-ER accumulation occurred with co-expression of 126K from PMMoV (Fig. 2) , followed by BsMoV HCPro and AC2 from ToSRV. Therefore, the 126K PTGS suppressor gene from PMMoV was chosen for expression of the NV VLPs.
The vp1-vp2-3′UTR construct increased the expression of NV-CP It is known that NV VLPs can be obtained by expression of only the major capsid protein (VP1). However, in a baculovirus expression system, the simultaneous expression of VP1 and VP2 (minor capsid gene) further increased VLP accumulation (Bertolotti-Ciarlet et al. 2003) . Because higher VP1 expression levels are desired, we tested three strategies, expression of VP1, expression of vp1-CodOpt (Codon optimized to N. benthamiana plant expression), and simultaneous expression of VP1 and VP2 from an isolate of the NV GII.4 subtype 2004 (isolated in 2006 at Brasilia, Brazil). In the latter strategy, the vp2 (ORF3) gene and 3′UTR including a poly (A 50 ) tail were added to further contribute to the expression efficiency. These constructs were agro-infiltrated into N. benthamiana leaves. After 3 dpi, six leaf disks (total of 0.3 g) from each treatment were macerated together with 1×PBS (600 μl) and only a part of the solution (10 μl, corresponding to 6 mg of fresh tissue) was analyzed by Western blot using an anti-VP1 antibody. This experiment was repeated three times, and in all cases, the highest protein accumulation was observed for the vp1-vp2-3′UTR construct (Fig. 3) , and the production efficiency of VP1 was estimated at approximately 1 mg per 1 g of fresh leaf by Western blot image analysis. Inoculation with the vp1 construct alone or vp1-CodOpt resulted in lower VP1 accumulation. Therefore, the vp1-vp2-3′UTR construct was chosen for expression of NV VLPs in a coexpression system with the 126K PTGS suppressor gene.
The NV VP1 protein expressed in plants showed only single band by Western blot, although the positive NV VP1 control made by insect cells showed the double bands. This difference was also observed in previous reports (in "Discussion" section). NV VLP assembly in tissue infiltrated with vp1-vp2-3′UTR and the 126K suppressor A total of 40 N. benthamiana plants (two to three upper leaves for each plant) were infiltrated with the constructs containing NV vp1-vp2-3′UTR and the 126K PMMoV suppressor gene. VLPs were semi-purified from these tissues and observed with an electron microscope. Centrifuged gradients were collected in ten fractions. The CP-rich fraction was confirmed by Western blot (Fig. 4a) . Particles of approximately 40 nm in diameter were clearly detected in this fraction by transmission electron microscopy ( Fig. 4b) . It was concluded that the co-inoculation of the constructs containing vp1-vp2-3′UTR and the 126K PMMoV enabled production of NV VLPs.
Discussion
Several reports of NV VLP production using plant protein expression systems have been available (Kralovetz et al. 2010; Lai and Chen 2012; Santi et al. 2006 Santi et al. , 2008 Tiwari et al. 2009; Daniell et al. 2009; Zhang et al. 2006; Huang et al. 2009 ). These reports provide protocols for production of viable VLPs at low costs and in large quantities. More recently, modified transient expression systems using viral vectors (known as magnICON) have offered high efficiency, rapid VLP production (Santi et al. 2008; Lai and Chen 2012; Huang et al. 2009 ). However, magnICON systems could be limited by the size of the gene insert that can be accommodated. Trials for NV VLP expression are all based upon constructs that only encode vp1. Therefore, longer inserts (for example the vp1-vp2-3′UTR cassette, ca. 2.6 Kbp) have not been attempted in plant expression system. It is expected that co-expression of VP1 and VP2 enhances the stability of VLPs (Bertolotti-Ciarlet et al. 2003) , an essential property for vaccine development. Therefore, our group used binary vector systems for VLP production. The pEAQ vectors are known for their small plasmid size (ca. 7 Kbps). These vectors were constructed by removing more than 7 Kbp of the non-essential region from the pBINPLUS backbone and T-DNA region and by adding the TBSV p19 PTGS suppressor gene (Sainsbury et al. 2009 ). The vector provided an easy and quick tool for production of viral antigens. We postulated that other PTGS suppressors may increase expression efficiency because some viruses that infect N. benthamiana induce more severe symptoms in this plant than others. Thus, we sought to utilize putative PTGS suppressor gene from these viruses. The choice of the 126K protein from PMMoV as the PTGS suppressor partner for production of NV VLPs was made due to its superior enhancement effect on expression of mGFP-ER compared to the other tested suppressors (HC-Pro BSMoV, AC2 from ToSRV, and p19 TBSV). Lower target protein accumulation occurred for AC2 from the begomovirus Tomato golden mosaic virus compared to HC-Pro from Tobacco etch virus and p19 from Cymbidium ringspot virus according to Wang et al. (2005) . Our trial corroborated these results. According to Hamilton et al. (2002) , Mallory et al. (2001) , and Wydro et al. (2006) , several factors influence the genetic requirements for gene silencing and the suppressor response including the nature of the target protein, the time point that the sample is analyzed (dpi), the types of binary vectors used and the lines of N. benthamiana and A. tumefaciens. Therefore, tests performed with PTGS suppressors must be standardized for selection of a good binary vector.
For NV VLP expression, the vp1-vp2-3′UTR construct was chosen because it produced a higher protein yield compared to the vp1 only construct. This finding is supported by the observations of Bertolotti-Ciarlet et al. (2003) in insect cells, implying that the "ribosomal termination-initiation mechanism" is also functional in plant cells. For a stable NV VLP production, the simultaneous expression of VP2 with VP1 seems very important. Therefore, our binary vector system may represent a valuable alternative to baculovirus expression systems. Fig. 4 The analysis of semi-purified VLPs from plant extracts. a Western blot analysis of the gradients from the VLP suspensions. 1 Negative control, 2 protein marker (SIGMA-ALDRICH, pre-stained; Blue band showed 90 kDa), and 3 vp1-vp2-3′UTR + 126K PMMoV. b Electron micrograph of the VLP suspension. Bar=0.2 μm In this study, the plant-expressed NV VP1 always showed as single band in Western blot analysis. However, VP1 prepared by baculovirus system showed often double bands (58 kDa and 56 kDa) by Western blot in previous reports (Huhti et al. 2010; Blazevic et al. 2011; Koho et al. 2012) and also in our study when used as a positive control (Fig. 3) . The smaller 56 kDa band represents a product that is truncated by 34 amino acids from its N-terminal end possibly by host protease as protease K or thermolysin (Koho et al. 2012 ). However, NV VP1 expressed in plants showed only a single band by Western blot as reported previously (Santi et al. 2008; Lai and Chen 2012) and also in our study (Fig. 3) . It is indicative that the plant cells do not contain such proteases which cleave NV VP1.
It was remarkable that the NV expression using the vp1-CodOpt construct produced a similar protein accumulation level as the vp1 construct, which was isolated from viral cDNA by RT-PCR (Fig. 3) . In this study, the attempt to use the codon optimization did not produce the expected result. Such observations were already reported by Maclean et al. (2007) who observed that the native L1 protein of HPV accumulated in higher amounts than the plant codonoptimized gene using binary expression vectors in N. benthamiana plants. It was concluded that the codon optimization cannot always be considered the best strategy to increase the protein expression efficiency.
In our study, four different PTGS suppressor genes were preliminary evaluated and the best one was chosen to produce an efficient expression tool. The target protein expression using a binary vector co-expressed with this PTGS suppressor (126K from PMMoV) enabled higher accumulation and assembly of norovirus VLPs. However, additional studies will be required to improve the target protein accumulation level, such as those related to their subcellular localization and reduction of plant cell proteolysis.
